Aims: We characterized the metabolite content and axonal fibre changes in the rat pontine, in vivo, using 1 H-magnetic resonance spectroscopy (1H-MRS) and diffusion tensor imaging (DTI) with a 7.0 T magnetic resonance imaging (MRI) scanner following chronic alcohol administration to explore new indicators for the early diagnosis and treatment of chronic alcoholism. Methods: Forty male Sprague-Dawley rats were randomly divided into the EtOH and control groups (water group). To establish a chronic alcohol administration rat model, rats were intragastrically administered edible wine (56% vol/vol) twice daily for four weeks. Quantitation of the changes in metabolite concentrations and the apparent diffusion coefficient (ADC), as well as the fractional anisotropy (FA) values, within the pontine of brain stem were detected using MRS and DTI at 7.0 T. Differences of the pontine metabolite content, ADC and FA values between the two groups were compared. Results: The 7.0 T MRIs showed no abnormal T2 phase pontine signals in either the EtOH or control groups. A 1 H-MRS scan showed that the values for NAA, Cr and Cho in the EtOH group (4.54 ± 0.69, 4.69 ± 0.70 and 1.32 ± 0.18) were lower than those in the controls (6.78 ± 0.76, 8.50 ± 0.83 and 1.89 ± 0.24) (P < 0.01). However, the Glu+Gln values did not significantly differ between the controls (8.11 ± 1.11) and the EtOH group (7.31 ± 0.85) (P > 0.05). DTI showed that the FA value in chronic alcohol exposure rats (0.41 ± 0.12) was lower than the control rats (0.53 ± 0.08) (P < 0.05). However, the difference in the ADC values was not significant between the controls (0.0014 ± 0.00050) and the EtOH group (0.0012 ± 0.00027) rats (P > 0.05). Conclusions: After chronic alcohol exposure for four weeks, the metabolite content and axonal fibre changes in the rat pontine can be detected using MRS and DTI at 7.0 T earlier than conventional MRI, which provides information for the early diagnosis and treatment of chronic alcoholism. Short Summary: In the present study, the authors showed that the metabolite content and axonal fibre changes in the pontine of chronic ethanol-treated rats can be detected using MRS and DTI at
INTRODUCTION
Imaging findings associated alcoholism, particularly magnetic resonance imaging (MRI) outcomes, have been described widely in the clinical practice. Brain atrophy and cerebral infarction (den Heijer et al., 2004) , as well as expansion of the ventricular system, an increase in cerebrospinal fluid volume, cortical thinning, deeper sulci, and decreases in the volume of the frontal lobe, cerebellum and hippocampus volume, are often detected by routine MRI scans of chronic alcoholics (Pfefferbaum et al., 1998; Sullivan et al., 2000; Mann et al., 2001; Crews et al., 2004) . Central pontine rhabdomyolysis (Adams et al., 1959 ), Wernicke's encephalopathy (Harper, 2009 ) and Marchiafava-Bignami disease (Berek et al., 1994; Celik et al., 2002) can be identified using conventional radiographic detection in chronic alcoholics. Patients with chronic alcoholism are identified during autopsy based on brain weight and volume reduction (Harding et al., 1996) , with the most significant reductions occurring in the frontal white matter followed by the motor cortex (de la Monte, 1988) . The alcohol-dependent patients had significant volume deficits in both the thalamus and the pontine. Due to its important function, the damage to the pontine will lead to very serious consequences. Central pontine myelinolysis (CPM) is a rare neurologic disorder defined by symmetric demyelination in the central base of the pons. It usually manifests with neurologic signs such as impaired consciousness, ataxia, spastic quadriparesis, pseudobulbar signs, and the locked-in syndrome (Tan and Onbas, 2004) , and its prognosis usually be poor and irreversible. Chronic alcoholism is the most common underlying condition of CPM patients (Lampl and Yazdi, 2002) .The wide application of MRI has increasingly facilitated the ante-mortem diagnosis of CPM (Khosya and Meena, 2013) . On MRI detection, the axial T2-weighted images show a butterfly, round or quadrangle shape hyperintensity lesion within the central basis pontine. However, these image changes occur during the late stages of alcoholism, and a portion of evidence must be obtained by autopsy after the patient's death. The in vivo early diagnosis for related therapeutic interventions for alcoholism have not been defined to date.
Our previous studies found morphological evidence that chronic alcohol administration can cause rat brain stem nerve cell and nerve fibre damage and that a slight concussion blow can cause serious injury to the brain stem and even lead to death (Luo et al., 2014) . In the current study, we hypothesized that, in the pontine of chronic alcohol exposure rats, before the morphological changes detected by conventional MRI, there should be a change in the axonal fibres and metabolism of substances detected by magnetic resonance spectroscopy (MRS) and diffusion tensor imaging (DTI). Nuclear MRS is a unique technology used to detect the chemical composition in specific tissue regions in vivo without injury. 1H-magnetic resonance spectroscopy (1H-MRS) can be used to measure trace metabolic changes, such as the metabolic activity of neurons and glial cells in the brain (Lantz et al., 2006) . DTI is currently the only method to detect white matter structural damage within living brain tissue, which provides a reference for the early diagnosis and treatment of diseases (Werring et al., 2000; Pierpaoli et al., 2001; Beaulieu, 2002) . Previous MRI studies of the brains of rats with chronic alcohol exposure focused on the cerebra and cerebellum, with little research examining the rat brain stem due to its smaller volume, which may lead to poor images. In the present study, using a 7.0 Tesla animal MR scanner, we determined the apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values and the changes in metabolite content in the pontine of chronic ethanoltreated rats using 1H-MRS and DTI scans in vivo to explore new indicators for the early accurate diagnosis and treatment of chronic alcoholic encephalopathy.
MATERIALS AND METHODS

Animals
Forty adult male Sprague-Dawley (SD) rats weighing 275-330 g were used in the current study. Rats were obtained from the Shantou University Medical College Laboratory Animal Center. The Animal Care and Use Committee of Shantou University Medical College approved all animal procedures (authorization number: SUMC 2012-7). Prior to experimentation, animals were quarantined for 2 weeks to adapt to local conditions. All animals had free access to water, were fed by Laboratory animals-Mice and rats-formula feeds (GB 14924.3-2001) and were housed at 20-25°C with a relative humidity of 55% and lights on for 12 h starting at 8:00 a.m.
Rat model of chronic alcohol administration
Rats were randomly divided into an EtOH group and a water group (control), with 20 rats per group. Ten rats in each group were used for MRS, and the remaining 10 rats in each group were subjected to DTI scans. Rats in the EtOH group received intragastric administration of edible wine (Beijing Red Star wine, 56% ethanol (vol/vol)) twice per day, at 9 a.m. and 4 p.m., for 4 weeks. The dosage of wine was 8.83 g/kg for the first 2 weeks, and 10.60 g/kg for the final 2 weeks. Control rats received the same treatment, except that distilled water was used instead of wine. Two hours after wine administration, the blood alcohol concentration (BAC) of rats was detected by gas chromatography using an Agilent 6820 gas chromatograph (Agilent Ltd, USA).
MRI experiments
All MR experiments were performed on an Agilent 7.0 Tesla animal MR scanner (Agilent VnmrJ 3 Imaging, USA). (7 T/160/AS). For in vivo MRI scans, animals were initially anaesthetized by intraperitoneal injection of 10% chloral hydrate (3 ml/kg). During anaesthesia, rats were prone positioned in a cradle and the head was placed directly on a 3 cm radiofrequency body coil.
A scout view was initially obtained to verify the animal's position and image quality. T2-weighted images (sequence, rapid acquisition with a relaxation enhancement; TR (repetition time) 2000 ms, TE (echo time) 60 ms; average 2; slice thickness, 2.0 mm; matrix, 256 × 128) were obtained.
(1) 1H-MRS Regions of Interest and Data Processing. The chosen voxel of interest (VOI) was localized based on a series of SCOUT (TR 30 ms, TE 50 ms) coronal and sagittal images. A voxel (3 × 5.5 × 6.5 mm 3 ) was located in the pontine of the brain stem region using a point-resolved spectroscopy (PRESS) sequence (TR/TE: 3000/13.62 ms, average: 256, Dummy scans: 2, spectral width: 4006 Hz, Thk 1.0 mm, Gap 0 mm). Magnetic field homogeneity was optimized by shimming on the water signal, using the FASTMAP method. Water suppression was achieved with a VAPOR sequence. Spectroscopic data were post-processed using a linear combination of model (LCModel) package (Version 6.3-1B, LCMODEL Inc. CA). The concentrations of NAA, Cho, Cr, Glu and Gln were obtained using the LCModel for automatic estimation of the metabolite concentrations (Qin et al., 2014) . In order to avoid any bias towards high concentrations, the data were discarded if the reported signal-to-noise ratio (SNR) of spectra from LCModel was less than 5, or if the standard deviation (SD) of a metabolite was more than 20%.
(2) DTI Experiments and Data Processing. DTI was acquired using an echo-planar imaging (EPI) sequence. , and 4 averages) in the axial directions. Region of interests (ROIs) included both the right and left sides of the brain stem. The total acquisition time was 18 min 9 s. ADC and FA maps and values were obtained by the following method: diffusion was encoded in six non-co-linear directions, a full DTI analysis was performed to give the eigenvalues and eigenvectors of the diffusion tensor and the FA. A complete description of diffusion data processing is given in the math processing documentation, which describes the imagemath macro and associated programmes.
Statistical analysis
Data were analysed using SPSS software 17.0 (SPSS Ltd, Chicago, Illinois, USA) and Excel 2003 (Microsoft Ltd, Washington, USA). All values are shown as the mean ± SD. Statistical analyses were performed using an independent sample t-test, with P < 0.05 being considered to be statistically significant.
RESULTS
Blood alcohol concentration (BAC) of the experimental rats
In the first two weeks, the mean BAC in the experimental rats was 215.58 ± 8.38 mg/dL. In the final 2 weeks, the BAC was 252.74 ± 10.42 mg/dL.
The MRI manifestations
The coronal T2 phase scan displayed normal anatomy in both the EtOH-treated and control rats. The structure of pontine was clear, with no abnormal signals or signs of lesions, and the gap around the pontine was not expanded or shrunk. The T2 values did not significantly differ between the controls (4474 ± 353.44) and the EtOH group (4441 ± 258.00) (P > 0.05, Fig. 1 ).
The pontine bilateral ROI was selected for DTI analysis based on a series of SCOUT (TR 30 ms, TE 50 ms) coronal and sagittal images. The results showed that the FA value was lower in the EtOH group (0.41 ± 0.12) than in the controls (0.53 ± 0.08) (P < 0.05, Fig. 2) . However, the ADC values did not significantly differ between the controls (0.0014 ± 0.00050) and the EtOH group (0.0012 ± 0.00027) (P > 0.05, Fig. 3 ).
The quality of the spectra allowed evaluation of signals of the major proton metabolites: NAA, Cr, Cho, Glu and Gln. The 1 H-MRS scans showed that the NAA peak position was at 2.0 ppm, the Cho peak was located at 3.20 ppm, the Cr peak position occurred at 3.03 ppm, the Glu peak was located at 2.36 ppm, and the Gln peak position was at 2.46 ppm, consistent with the peak positions in the literature (Qin et al., 2014; Yan et al., 2015) . After analysis using LCModel, the NAA, Cr and Cho values in the EtOH group (4.54 ± 0.69, 4.69 ± 0.70,1.32 ± 0.18) were lower than the controls (6.78 ± 0.76,8.50 ± 0.83,1.89 ± 0.24) (P < 0.01, Fig. 4) . However, the Glu + Gln values did not significantly differ between the controls (8.11 ± 1.11) and the EtOH group (7.31 ± 0.85) (P > 0.05, Fig. 4) .
DISCUSSION
In the brain, NAA is a sensitive marker for indicating damage to nerve cells, with decreases in NAA reflecting either the loss of neurons or disorders of their energy metabolism (Chen et al., 2000) . Zahr et al. found reductions in NAA in the dorsal hippocampus after 4 days of alcohol treatment (Zahr et al., 2014) . In the current study, MRI scans revealed that the NAA content in the pontine of ethanol-treated rats is lower than in non-ethanol-treated rats, suggesting that chronic alcohol administration might cause the death and injury of neurons or decreased neuronal activity or viability in the rat brain stem. In chronic alcohol exposure, metabolites of ethanol can combine with lecithin to deposit in brain tissue (Tuck and Jackson, 1991) , as well as cause a decrease in blood flow that can be detected in the brain (Berglund, 1981) . On the other hand, chronic alcohol administration reduces gastrointestinal absorption, causing vitamin B1 deficiency, which results in disorders of glucose metabolism (Zimitat et al., 1990) . All of the above factors are toxic to nerve cells and reduce nerve conduction by the cerebral cortex and white matter.
The primary choline (Cho)-containing compounds in the brain are phosphatidylcholine and acetylcholine phosphate. A previous study indicates that Cho levels in the brain are increased during long-term (16 weeks) alcohol consumption, demonstrating adaptation of brain phospholipids membrane to ethanol (Lee et al., 1980) . However, in the current experiment, the Cho content in ethanoltreated rats is lower, than in control rats, after being exposed to ethanol for 4 weeks, suggesting that chronic alcohol exposure damages phospholipid metabolism of nerve cell membranes, leading to decreased neuronal membrane activity, and prompting that the adaptive mechanism of the brain in opposing the effect of chronic alcohol consumption has not yet been established following 4-week exposure to alcohol. Lee et al. assessed the effect of ethanol on phosphatidylcholine but did not measure acetylcholine phosphate. This could potentially explain differences in findings.
Creatine (Cr) is involved in phosphoric acid transport, and serves as an energy buffer system within the cell, and is present in neurons and glial cells. In the current study, 1 H-MRS scans showed that Cr is decreased in the chronic alcoholic rat pontine, indicative of brain cell energy metabolism disorders. The Glu+Gln values did not significantly differ between the controls and the EtOH-treated group, similar to prior studies (Mason et al., 2006; Lee et al., 2007) .
Previous studies showed that MRS can detect changes in metabolite content at the early stages of disease (Kantarci and Jack, 2003) . Observing the effects of irradiation on the brains of cats, Yousem and others found that abnormal enhancement of the lesion can be detected by routine MRI examination eight months after irradiation, but only 8 weeks after irradiation when using 1 H-MRS. The NAA/ Cr and NAA/Cho ratios are reduced compared to the control brain tissue, suggesting that metabolic abnormalities can be detected, using H-MRS, before morphological changes occur in the brain tissue (Yousem et al., 1992) . In the current study, conventional MRI T2 phase did not show abnormal signals in the alcoholic rat pontine. However, the NAA, Cho and Cr contents were decreased significantly based on the 1 H-MRS scanning, indicating that 1 H-MRS can quickly and accurately detect changes in the brain of chronic alcohol-consuming rats earlier than conventional MRI.
Compared to conventional imaging, DTI is sensitive to subtle changes in the structure of white matter. The FA value is the most commonly used indicator of DTI imaging and indicates the degree of anisotropic motion of water diffusion. The ADC is another commonly used indicator in DTI imaging and reflects the strength of water diffusion. ADC values are often used to show the extent of brain oedema, and previous studies indicate that cerebral oedema is observed in rats, following acute alcohol exposure, and the corresponding ADC values are increased (Liu et al., 2014) . In the current study, the ADC value in the pontine of alcoholic rats did not change compared to the water group rats, suggesting that oedema is not a ). The ADC map of the pontine (arrows) (prone position, coronal planes) shows no difference in signal intensity between a control rat (A) and an EtOH-administered rat (B). The difference in ADC values was not significantly different between the controls and the EtOH group (P > 0.05).
principal pathological change in the rat pontine following 4 weeks of alcohol abuse.
Using electron microscopy, HE staining and silver staining, our previous study found axonal shrinkage, distortion and even breakage or demyelination in the rat brain stem following chronic alcohol use. Toluidine blue staining showed that neurons wrinkle and shrink, with concentrated Nissl staining and the appearance of dark cells (Luo et al., 2014) , suggesting that chronic alcohol exposure produces damaged neurons and axonal fibres in the rat brain. In the current study, DTI scans show that the FA values decrease significantly in the pontine of living ethanol-treated rats, suggesting that axonal fibre integrity is compromised, which is consistent with the findings of our previous study.
Previous studies also found that DTI scans could detect dispersion rate increases and lower anisotropy in seemingly normal brain tissue (using conventional MRI), suggesting that DTI may be capable of localizing early lesions in patients who have negative results by conventional MRI, offering such patients timely and reasonable treatment (Field et al., 2003; Huisman et al., 2004) . In the present study, the conventional MRI T2 phase did not exhibit any abnormal signals in the pontine of alcoholic rats, suggesting that DTI can detect pathological changes in the brain earlier than conventional MRI following chronic alcohol consumption, providing a method for the earlier diagnosis and treatment of these diseases. Though the MRI T2 phase image did not reveal any subjective abnormalities, both DTI and MRS were able to detect changes.
CONCLUSIONS
After chronic alcohol exposure for 4 weeks, 1 H-MRS and DTI at 7.0 T can detect abnormal changes in the rat pontine earlier than conventional MRI, providing objective indicators for the early diagnosis and treatment of chronic alcoholism.
